We demonstrate the imaging of buried features in a microstructure-a tiny hole in an aluminum thin film covered by a chromium layer-with nanometer lateral resolution using a transient temperature distribution restricted to within ϳ0.5 m of the sample surface. This is achieved by mapping photothermally induced megahertz surface vibrations in an atomic force microscope. Local thermal probing with megahertz-frequency thermal waves is thus shown to be a viable method for imaging subsurface thermal features at submicron depths.
The scanning thermal microscope, making use of a probe tip composed of an ultrasmall temperature sensor or resistive heater, has allowed the local imaging of thermal properties on lateral length scales down to ϳ25 nm. 1, 2 Of particular interest in this field are techniques in which a transient temperature distribution is used. Thermal waves are sensitive to the heat capacity as well as the thermal conductivity, providing an extra source of contrast. Moreover, unlike the case for varying elastic fields, the intrinsically damped thermal wave propagation can be controlled through the oscillation frequency f: the thermal penetration depthessentially the thermal diffusion length-decreases with increasing frequency as 1/f 1/2 , and so it is advantageous in microscopy with thermal waves to work at high frequencies in order to achieve a high spatial resolution. Because of the ongoing trend toward device miniaturization with features less than ϳ100 nm in size, local probing of thermal modulation phenomena is an area of paramount importance.
One approach that combines oscillating ͑that is, ac͒ temperature fields and local probing is based on the use of a modulated heat source in the tip. 3, 4 Although useful images sensitive to thermal diffusivity have been obtained, such experiments are difficult to interpret because the depth resolution is often strongly influenced by near-field thermal effects governed by the probe size and tip-sample thermal resistance rather than by the modulation frequency. 2 A different approach that avoids this complication is based on the local probing of thermal expansion: subsurface periodic resistive heating 5, 6 or chopped optical radiation 7-9 generate surface vibrations that can then be mapped to a lateral resolution of a few nanometers in standard atomic force microscope ͑AFM͒ or scanning tunneling microscope configurations. This produces additional contrast through the thermal expansion coefficient. However, such imaging with these ac local thermal probing techniques so far has been done at frequencies Շ100 kHz, corresponding to a thermal penetration depth in insulators that is greater than ϳ1 m. This is still too low a frequency for optimal ac thermal imaging of thin films or structures of thickness in the ϳ100 nm range or below. There is, therefore, a pressing need to extend such ac local thermal imaging to significantly higher frequencies.
Toward this end, we make use of a technique that we term optical heterodyne force microscopy ͑OHFM͒, involving the local probing of photothermally induced ultrasonic surface vibrations. Figure 1 shows the experimental setup, based on a commercial AFM ͑TM Microscopes, CP-M͒. We illuminate a region of the sample surface Dϳ2 m in diameter directly below the tip at normal incidence with MHz chopped light ͑at f 1 ϭ4.223 MHz) of typical average power Pϭ0.7 mW and wavelength 830 nm. 10 We therefore choose a transparent silicon nitride cantilever 11 ͑of spring constant 0.1 Nm Ϫ1 ͒ and tip ͑of radius 20 nm͒. In addition to a dc a͒ Present address: Symyx Technologies, Inc., 3100 Central Expressway, Santa Clara, CA 95051. b͒ Author to whom correspondence should be addressed; electronic mail: assp@kino-ap.eng.hokudai.ac.jp temperature rise Ͻ10 K, the sample undergoes periodic temperature variations ϳ5 K, and the surface vibrates at f 1 ϭ 1/2 with an amplitude ⌬zϳ10 pm that depends on the local optical, thermal, and mechanical properties of the sample. The cantilever base is vibrated with a piezoelectric transducer operating in thickness resonance at an amplitude ⌬xϷ0.8 nm and at a frequency f 2 (ϭ4.220 MHz), slightly different from f 1 . This vibration is transmitted down the cantilever, which acts as an acoustic waveguide, and produces a vibration of the tip with a dominant component perpendicular to the sample surface. Because of the nonlinearity of the tip-sample force curve, a vibration ͑Ͻ100 pm in am-plitude͒ of the contacting tip is induced at a frequency f 1 Ϫ f 2 (ϳ3 kHz). This is much lower than the fundamental cantilever resonance ͑38 kHz͒ but much higher than the response frequency of the AFM feedback loop maintaining the constant average deflection of the cantilever ͑through sample stage motion͒. The differential output of the AFM photodiode is fed to a lock-in amplifier tuned to f 1 Ϫ f 2 to obtain OHFM amplitude and phase images. While scanning, only the sample stage is moved, ensuring a well-defined geometry for sample heating. The principle of OHFM is related to that of ultrasonic force microscopy ͑UFM͒. 12 A cross section of part of the multilayer microstructure sample is shown in Fig. 2 . For the fabrication, polystyrene beads of diameter 10 m are sprinkled onto a silica substrate and a 180 nm layer of polycrystalline Al is then overlaid by electron-beam deposition. The beads are then removed by washing in distilled water, and a final 90 nm film of polycrystalline Cr is deposited in the same way. The thickness of the Al was measured using AFM and that of the Cr using picosecond ultrasonics. 13 This microstructure provides a good test for the detection of subsurface thermal properties on submicron scales for several reasons: ͑1͒ The sample surface is optically and elastically homogeneous, allowing us to study thermal contrast. ͑The optical absorption depth of Cr at 830 nm is Ϸ15 nm, with optical reflectivity Rϭ0.63.) ͑2͒ The thermal diffusion length of the silica substrate at ϳ4 MHz is 0.25 m, restricting the thermal penetration to a submicron depth. 14 ͑3͒ The thermal expansion coefficient of Al is ϳ5 times larger than that of Cr and is expected to give noticeable contrast. 15 We first measured the OHFM signals as a function of incident laser power and ultrasonic excitation voltage on the two-layer portion of the sample. The results for amplitude are shown in Figs. 2͑a͒ and 2͑b͒ . Within the experimental error ͑ϳϮ20%͒, the amplitudes are proportional to the exci-tation level in both cases. This behavior is consistent with the predictions of a spring and mass model of the system if the tip-sample interaction is modeled as a nonlinear spring ͑see Fig. 1 inset͒. One can show that, for fixed f 1 and f 2 , the amplitude of the tip at the difference frequency ⌬y ϰk 1 ⌬z⌬x, where k 1 ϭ‫ץ‬ 2 F/‫␦ץ‬ 2 is the nonlinear coefficient of the force-distance curve. 16 This implies that OHFM facilitates the measurement of the small sample vibration of amplitude ⌬z by the multiplication with the larger base amplitude ⌬x. Another important prediction is that the phase of the vibration at f 1 is transferred to the phase of the vibration at f 1 Ϫ f 2 . So the OHFM phase directly probes the highfrequency sample response ͑at f 1 ). Figure 3 shows topography, UFM and OHFM amplitude and phase images for a 2.5 mϫ2.5 m area overlapping the hole ͑lower region͒ at an average force 5 nN and with Pϭ0.7 mW. In both OHFM images the contrast between the two regions is clear: the averaged amplitude ratio r ϭ⌬z 2 /⌬z 1 Ϸ1.3, and the averaged phase difference ⌬ ϭ 1 Ϫ 2 Ϸ21°͑where 1 and 2 correspond to the one-and two-layer regions, respectively, and 1,2 are phase leads͒. That rϾ1 is expected because of the higher thermal expansion coefficient of Al. The phase difference ⌬ was found to be independent, to within the experimental error ͑Ϯ3°͒, of the excitation conditions over the range probed ͑see Fig. 2͒ . The halo artifact between the two regions is caused by the slope and curvature of the sample there, 12 and indicates a lateral resolution of a few nanometers. However, the effective spatial resolution for thermal properties depends on the thermoelastically excited elastic stress distribution and its effect on the surface displacement field.
The UFM image was obtained with the same tip and average force by solely driving the cantilever base with a sinusoid at 4.2 MHz modulated by a 3 kHz saw-tooth waveform, and by mapping the 3 kHz tip vibration amplitude. 12 The one-and two-layer regions give approximately equal signals, demonstrating that the surface is elastically homogeneous. 17 This verifies that the OHFM contrast must be sensitive to differences in subsurface thermal properties. At 4.2 MHz, the thermal penetration into the sample is only ϳ0.5 m, 14, 15 significantly smaller than the optical spot diameter. As a first approximation, we therefore compare our results with a simple quasistatic one-dimensional thermoelastic model. The heat conduction equation, ‫ץ‬ 2 T/‫ץ‬z 2 ϭc‫ץ‬T/‫ץ‬t, is solved subject to the standard interfacial boundary conditions, where is the thermal conductivity, c is the specific heat, and is the density (zϾ0 regions͒. The thermal diffusion length is given by ϭ(2/c 1 ) 1/2 . Assuming a surface-localized source, Ϫ 1 ‫ץ‬T/‫ץ‬zϭI͓1ϩexp (Ϫi 1 t)͔ at zϭ0, where I is the average absorbed laser intensity (IϷ P(1ϪR)/D 2 ), the surface vibration is derived from ⌬z exp͓Ϫi( 1 tϩ)͔ϭ͐ 0 ϱ (͓1ϩ(z)͔/͓1 Ϫ(z)͔)␣(z)T(z,t)dz, where ␣(z) is the linear thermal expansion coefficient and (z) is Poisson's ratio. Literature values of the required physical parameters are used. 14, 15, 18 This allows the calculation of the sensitivity of the OHFM signals to variations in the thermal properties of the buried aluminum layer: We obtain d ln ⌬z 2 /d ln cϭ Ϫ0.44, d 2 /d ln cϭ5.7°, d ln ⌬z 2 /d ln ␣ϭ0.88, d 2 /d ln ␣ ϭϪ0.69°, and d ln ⌬z 2 /d ln ϭϪ0.001, d 2 /d ln ϭ Ϫ0.03°, where c, ␣, and refer here to aluminum. The unique feature of detection with thermal waves, namely the sensitivity to c, is therefore effective here.
Further, we predict rϷ(30 pm)/(4.4 pm)ϭ6.8 and ⌬ Ϸ3.9°. Although these relative values have the same sign as in the experiment, they are significantly different. Possible reasons are; ͑1͒ the finite optical penetration depth, ͑2͒ the neglect of three-dimensional ͑3D͒ heat diffusion, ͑3͒ the neglect of thermal boundary resistances, and ͑4͒ heating effects in the tip itself. We estimate that optical penetration has a negligible influence since Ӷ. Preliminary estimates 19 of the effect of 3D heat diffusion on r suggest that this can reduce the amplitude contrast. The effect of thin-film thermal boundary resistance may also play a role. 20 In addition, thermal expansion of the tip may contribute in general, although simple arguments suggest that this effect is not significant in the present case. 21 The transition in the OHFM signals between regions of different subsurface structure is remarkably sharp ͑compared to ͒, ϳ50 nm. When the optical excitation overlaps the two regions, a 3D numerical analysis of the thermoelastic problem is clearly necessary to understand this lateral variation. This is beyond the scope of this letter. However, the length scale responsible for these abrupt transitions is likely to be strongly influenced here by the relatively small vertical extent of the buried inhomogeneous region ͑compared to ͒. In addition, the change in surface topography will play a role because it impedes both lateral heat flow and lateral stress transmission. Experiments with a series of related sample geometries should help settle this point.
In conclusion, we have demonstrated that subsurface thermal contrast on the submicron level can be locally mapped with a technique based on megahertz photothermal vibrations. The method in its present form should be invaluable for the nondestructive testing of buried nanostructures such as in integrated circuits. Useful contrast from variations in surface optical properties remains to be explored. Moreover, the potential for depth profiling by scanning the optical chopping frequency up to the 1 GHz range and beyond or by the use of the pulsed optical pump and probe technique should open the way to thermal tomography with thermal waves of wavelengths down to the nanometer level, and aid in the study of the physics of diffusive phonon and electron transport in quantum-confined geometries.
